King TL, Ruyle BC, Kline DD, Heesch CM, Hasser EM. Catecholaminergic neurons projecting to the paraventricular nucleus of the hypothalamus are essential for cardiorespiratory adjustments to hypoxia. Am J Physiol Regul Integr Comp Physiol 309: R721-R731, 2015. First published July 8, 2015 doi:10.1152/ajpregu.00540.2014.-Brainstem catecholamine neurons modulate sensory information and participate in control of cardiorespiratory function. These neurons have multiple projections, including to the paraventricular nucleus (PVN), which contributes to cardiorespiratory and neuroendocrine responses to hypoxia. We have shown that PVN-projecting catecholaminergic neurons are activated by hypoxia, but the function of these neurons is not known. To test the hypothesis that PVN-projecting catecholamine neurons participate in responses to respiratory challenges, we injected IgG saporin (control; n ϭ 6) or anti-dopamine ␤-hydroxylase saporin (DSAP; n ϭ 6) into the PVN to retrogradely lesion catecholamine neurons projecting to the PVN. After 2 wk, respiratory measurements (plethysmography) were made in awake rats during normoxia, increasing intensities of hypoxia (12, 10, and 8% O 2) and hypercapnia (5% CO 2-95% O2). DSAP decreased the number of tyrosine hydroxylase-immunoreactive terminals in PVN and cells counted in ventrolateral medulla (VLM; Ϫ37%) and nucleus tractus solitarii (nTS; Ϫ36%). DSAP produced a small but significant decrease in respiratory rate at baseline (during normoxia) and at all intensities of hypoxia. Tidal volume and minute ventilation (V E) index also were impaired at higher hypoxic intensities (10-8% O 2; e.g., VE at 8% O2: IgG ϭ 181 Ϯ 22, DSAP ϭ 91 Ϯ 4 arbitrary units). Depressed ventilation in DSAP rats was associated with significantly lower arterial O 2 saturation at all hypoxic intensities. PVN DSAP also reduced ventilatory responses to 5% CO 2 (VE: IgG ϭ 176 Ϯ 21 and DSAP ϭ 84 Ϯ 5 arbitrary units). Data indicate that catecholamine neurons projecting to the PVN are important for peripheral and central chemoreflex respiratory responses and for maintenance of arterial oxygen levels during hypoxic stimuli.
primary pathway mediating cardiorespiratory chemoreflex responses.
The hypothalamic paraventricular nucleus (PVN) is also important in the integrated response to chemoreflex activation. PVN neurons are activated by peripheral and central chemoreflex stimulation, including hypoxia and hypercapnia (3, 11, 22) . Furthermore, the PVN is required for full expression of the chemoreflex pressor, sympathoexcitatory and respiratory responses (42, 47) . However, the pathways by which chemoreflex afferent information is relayed to the PVN have not been thoroughly defined. The PVN receives catecholaminergic input from adrenergic/noradrenergic regions in the nTS (A2 and C2 cell groups), ventrolateral medulla (VLM; A1 and C1 groups), and locus coeruleus (A6) (9, 52) . These catecholaminergic populations respond and contribute to responses to a variety of cardiorespiratory stimuli (7, 22, 24, 48) . For example, A1 noradrenergic neurons in the caudal VLM (CVLM) are activated by hypoxia (26, 55) , and CVLM lesion attenuates vasopressin and corticotropin-releasing hormone (CRH) responses to hypoxia (55) . Furthermore, PVN adrenergic blockade blunts cardiovascular and vasopressin responses to acute chemoreflex stimulation in spinally transected rats (32) .
Recent studies have shown that acute hypoxia activates PVN-projecting neurons in both the nTS and VLM. Importantly, a large proportion of these projection neurons is catecholaminergic (24, 26) . However, the extent to which catecholaminergic input to the PVN plays a functional role in cardiorespiratory responses to acute hypoxia is unknown. This study tested the hypothesis that catecholaminergic inputs to the PVN participate in cardiorespiratory responses to hypoxia or hypercapnia. To test this hypothesis, we retrogradely lesioned PVN-projecting catecholaminergic neurons by injecting antidopamine ␤-hydroxylase conjugated to the ribosomal inactivating protein saporin (DSAP) into the PVN of rats and measured ventilation, arterial blood pressure, and heart rate during normoxic, hypoxic, and hypercapnic conditions. Overall, the present study demonstrates the importance of catecholaminergic inputs to the PVN in mediating chemoreflexinduced responses. This study has been presented previously in abstract form (25) .
METHODS

Animals
Adult male Sprague-Dawley rats were obtained from Harlan Laboratories. Animals were housed individually in a temperature-and humidity-controlled vivarium and maintained on a 12:12-h light-dark cycle with food and water available ad libitum. All experimental procedures were approved by the University of Missouri Institutional Animal Care and Use Committee and conform to the National Institutes of Health's Guide for the Care and Use of Laboratory Animals.
Male Sprague-Dawley rats (250 -350 g; n ϭ 12) were assigned to two groups: lesion with PVN microinjection of DSAP (n ϭ 6) or control with IgG-saporin (n ϭ 6).
Surgical Procedures
Two weeks before the hypoxia experiments, rats were anesthetized with isoflurane (5% for induction and 2-2.5% for maintenance, AErane; Baxter, Deerfield, IL). The following procedures were performed using aseptic technique.
Telemetry device placement for cardiovascular measurements. To assess continuous mean arterial blood pressure (MAP) and heart rate (HR) changes in response to acute hypoxia, all rats were instrumented with a telemetry device (TA11PA-C40; Data Sciences International) in the abdominal aorta, as described previously (24) . Briefly, following anesthesia, a midline incision was made, the abdominal aorta was visualized, and the catheter probe of the telemetry device was inserted. The site was sealed with a cellulose patch and tissue adhesive. The transmitter was secured to the abdominal muscle using a nonabsorbable suture and the skin incision closed.
Immunotoxin lesions. During the same surgery, DSAP (42 ng in 200 nl of phosphate buffer, pH 7.4, n ϭ 6; Advanced Targeting Systems) or a control IgG (Advanced Targeting Systems, 42 ng in 200 nl in phosphate buffer, pH 7.4, n ϭ 6) was microinjected bilaterally into the PVN. Importantly, DSAP is retrogradely transported (46, 49, 60) and, therefore, selectively eliminates catecholaminergic neurons that project to the PVN. Injections were made through a stereotaxically positioned glass micropipette [coordinates: 1.8 -2.0 mm caudal to Bregma, Ϯ0.5 mm lateral from the midline, and 7.6 -7.8 mm ventral to the dura (24, 35, 38) ]. The concentration and volume of DSAP and IgG injected were determined from previous experiments using similar protocols (4, 12) . Rats were treated postoperatively with fluids (3 ml sc, 0.9% saline), enroflaxin (2.5 mg/kg im; Bayer, Shawnee Mission, KS), and buprenorphine (0.03 mg/kg sc; Reckitt Benckiser Pharmaceuticals, Richmond, VA) for hydration, prevention of infection, and pain management, respectively. Upon recovery from anesthesia, the animals were returned to their cages. At least 2 wk were allowed for degeneration of the targeted neurons and for recovery from surgery. During this period, daily clinical examination, body weight measurements, and the telemetry signal were evaluated.
Plethysmography for Ventilatory Assessment
In conscious, unrestrained rats, ventilation was assessed by whole body plethysmography (24, 27) . One DSAP-and one IgG-treated rat were placed in adjoining whole body plethysmography chambers and experiments run simultaneously using the same gas sources. Chambers (Data Sciences International) included inlet and outlet ports to allow airflow; the animal chamber and a reference chamber were connected to a differential pressure transducer (Validyne MP45; Validyne Engineering). The recorded pressure signal is proportional to volume changes and provided a measurement of tidal volume by integrating the area under the inspiratory pressure curve (tidal volume index). Ventilatory measurements were recorded using a data acquisition system (PowerLab; ADInstruments, Colorado Springs, CO) and included respiratory rate (breaths/min), tidal volume index, and minute ventilation index (respiratory rate ϫ tidal volume index). We also examined the number and amplitude of augmented breaths. Tidal volume index, minute ventilation index, and augmented breath amplitude were normalized to body weight. Oxygen saturation was measured using a collar pulse oximeter (MouseOx; Starr Life Sciences).
Baseline ventilation was assessed in conscious animals before surgical procedures and on the day of the experiment examining chemoreflex function. Because telemetry devices were implanted during the surgery, cardiovascular parameters were measured on the day of the experiment only. Animals were acclimatized to the chamber environment for 3 days before the actual experiments. On the day of the experiment, animals were allowed to acclimate to the plethysmograph while breathing room air. Ventilation, oxygen saturation, arterial blood pressure, and HR were monitored continuously during exposure to 20 min of normoxia (21% O 2) and hypoxia (12, 10 , and 8% O2) to assess peripheral chemoreflex function. To evaluate central chemoreflex (CO2) responses, rats were exposed (20 min) to hyperoxia (100% O2) to minimize peripheral chemoreceptor input, followed by hypercapnia (95% O2-5% CO2). The order of gas exposure was varied to produce a balanced design, except that 100% O 2 was always followed by hypercapnia to isolate central chemoreflex responses. For experiments examining responses to hypoxia, mixtures of gases were regulated by a gas blender that provided precise control of oxygen concentrations (Hypoxydial; Starr Life Sciences), which were confirmed by an O 2 analyzer; hypercapnia experiments utilized compressed gas tanks. The ventilatory response during these exposures was quantified by analyzing an average of approximately 20 consecutive breaths, excluding sniffs, augmented breaths, or movement artifacts. Augmented breaths were determined from their comparatively large inspiratory and expiratory flows, which could easily be discerned from the background of normal breathing, appearing as episodic spikes in the trace (Fig. 4A) . Because of their relatively infrequent occurrence in our 20 min of normoxic exposure, frequency of augmented breaths was not analyzed during normoxia and was expressed as the number of augmented breaths per 10 s during hypoxic exposures.
Assessment of DSAP Lesion and Immunohistochemistry
After chemoreflex testing, animals were transcardially perfused with heparinized, oxygenated Dulbecco's modified Eagle's medium (125 ml, pH 7.4; Sigma), followed by 4% paraformaldehyde (500 ml, pH 7.4; Sigma). Brains were removed and postfixed overnight in 4% paraformaldehyde, followed by coronal sectioning (30 m) on a vibratome (VT 1000S; Leica). To evaluate the efficacy of DSAP lesions, standard immunohistochemical approaches were used to label tyrosine hydroxylase (TH) cells in the brainstem. TH terminals in the PVN were evaluated in a subset of IgG-(n ϭ 4) and DSAP-treated (n ϭ 3) rats. TH, the rate-limiting enzyme in catecholamine synthesis, was used as a marker in classifying neurons as catecholaminergic (28, 45) . Immunohistochemistry was performed simultaneously on tissue from IgG-and DSAP-treated rats. Every sixth section was incubated overnight in 1% normal donkey serum (NDS) and 0.3% Triton-0.01 M PBS containing primary antibody against TH (mouse anti-TH, 1:1,000; Millipore). Sections were then rinsed and incubated for 2 h in Cy2-conjugated donkey anti-mouse IgG (1:200; Jackson ImmunoResearch) with 1% NDS in 0.3% Triton-0.01 M PBS, mounted on slides, and coverslipped for microscopic evaluation. Images of histological sections were captured using an Olympus fluorescence microscope (BX51). Identical exposures were used to capture images of tissue from DSAP-and IgG-treated animals. Images were analyzed with ImageJ (version 1.41; National Institutes of Health) using a custommade plugin (GAIA Group, Novato, CA; http://gaiag.net/index.html). Brightness and contrast only were altered equally in tissue from DSAP and IgG animals. Two individuals blinded to experimental groups counted the number of TH-immunoreactive (TH-IR) cells, and results were averaged. For individual brain regions, cells were counted over a specific range relative to Bregma based on an anatomic brain atlas (43) : (nTS, A2 cell group: Ϫ14.82 to Ϫ13.74 mm; VLM, A1 and C1 cell groups: Ϫ15.0 to Ϫ12.12 mm). All TH-positive cells with distinct cytosolic labeling, visible processes, and a blank nuclear area were counted in each brain region of interest. PVN terminals were evaluated (ImageJ) using the same demarcated area from IgGand DSAP-treated tissue. Thresholding was performed based on control tissue. The overall area of immunopositive labeling within the defined region was measured, and the number of putative terminals was determined by particle analysis.
Statistics
Statistical analyses were performed using SigmaPlot (12.3; Systat Software, San Jose, CA). Power analyses indicate adequate power for all group comparisons and all comparisons among hypoxic intensities, except in the case of amplitude of augmented breaths. All data are presented as means Ϯ SE, and statistical significance was set at P Յ 0.05. Total counts of TH-IR neurons were compared between IgG and DSAP treatment by t-test. Caudal-rostral distributions of TH labeling were analyzed by two-way repeated-measures analysis of variance (ANOVA). A two-way repeated-measures ANOVA was performed to examine differences in cardiorespiratory responses of the two groups (IgG and DSAP injection) to various levels of inspired O 2 or CO2. Pearson correlation was used to calculate r 2 values, slope, and significance of correlations between ventilatory responses and oxygen saturation. t-tests were used to compare the slopes of respiratory variables plotted against oxygen saturation. When interactions between group and oxygen level occurred, ANOVAs were followed by post hoc analysis using Fisher's least significant difference test.
RESULTS
Lesion of PVN-Projecting Catecholaminergic Neurons Decreases the Number of TH-IR cells in the Brainstem
To validate the efficacy of DSAP (14, 49) to lesion PVNprojecting catecholaminergic neurons, we examined TH-IR in the PVN. Figure 1A shows the region of PVN evaluated (top) and punctate TH-IR (bottom) in the PVN of an IgG-compared with a DSAP-treated rat. DSAP reduced overall TH-IR within the PVN by 97% (%area, IgG: 0.634 Ϯ 0.191; DSAP: 0.020 Ϯ 0.006, P Յ 0.05) and the number of putative terminals by 96% (IgG: 191 Ϯ 60; DSAP: 7 Ϯ 1, P Յ 0.05). We also evaluated elimination of TH-IR neurons in the brainstem, specifically the regions of the nTS and VLM. Figure 1 , B and C, includes schematic representations (top) (43) and corresponding photomicrographs of coronal sections (bottom) showing TH-IR in nTS and VLM of IgG-and DSAP-treated rats, respectively. DSAP injections significantly reduced the number of catecholaminergic (TH-IR) neurons within the nTS and VLM (Fig. 1, D and E) . DSAP decreased the number of TH-IR cells by 36% in the nTS and by 37% in the VLM.
Analysis of distribution of catecholamine cells indicated a main effect of caudal-rostral level in both nTS and VLM (Fig.  1 , F and G). For nTS, most TH-IR cells were at the level of calamus scriptorius and rostral (Ϫ14.28 to Ϫ14.10 relative to Bregma), whereas in the VLM, the greatest number was located more rostrally. Importantly, there also was a main effect of treatment in both regions, indicating that DSAP injections produced a loss of TH-IR cells through both the nTS and VLM. The reduction due to DSAP in nTS catecholaminergic cells at the level of the area postrema (Bregma Ϫ14.10 to Ϫ13.74, 46 Ϯ 5%) was consistent with the percentage of PVN-projecting neurons in this region reported previously (21) . Within the VLM, the relative decrease in number of TH-IR cells due to DSAP (Ϫ43 Ϯ 2%) was significantly greater in sections at and caudal to Bregma Ϫ13.2 compared with more rostral sections (Ϫ27 Ϯ 2%), consistent with previous work showing that a portion of these rostral VLM catecholaminergic cells do not project to the PVN (19, 54) .
Deletion of PVN-Projecting Catecholamine Neurons Alters Baseline Respiratory Rate and Blood Pressure
Prior to surgical procedures, body weight, oxygen saturation, and ventilation during normoxic breathing were not different between rats given IgG control or DSAP (Table 1) . Two weeks postinjection, body weight increased in both groups. There was no significant difference between groups in body weight, tidal volume, and minute ventilation. Respiratory rate, tidal volume, and minute ventilation were similar pre-and postinjection of IgG. In contrast, DSAP-injected animals exhibited a small but statistically significant decrease in respiratory rate while breathing room air (21% O 2 ) compared with both preinjection and the control group. In addition, DSAP injections into the PVN resulted in a small but significant increase in baseline MAP compared with IgG controls. Because telemetric devices were implanted during the same surgery as PVN injections, presurgical measurements of MAP and HR were not obtained.
PVN-Projecting Catecholamine Neurons Contribute to Cardiorespiratory Responses to Hypoxia
To evaluate the role of PVN-projecting catecholaminergic neurons in responses to hypoxia, we compared ventilatory responses to hypoxia in IgG control animals with those of DSAP-lesioned animals. Figure 2A contains representative recordings of plethysmography-acquired respiratory responses from individual rats with PVN injections of IgG ( Fig. 2A, top) or DSAP ( Fig. 2A, bottom) to normoxia (21% O 2 ) or activation of the peripheral chemoreflex with three intensities of acute hypoxia. Respiratory variables increased within the first minute of hypoxic challenge and remained elevated throughout the hypoxia exposures. The progressive increase in respiratory rate and tidal volume due to increased hypoxic intensity was less in the DSAP-compared with the IgG-treated rat. Group data for respiratory variables are shown in Fig. 2 , B-E. In both groups, increasing hypoxia progressively decreased arterial oxygen saturation and increased respiratory rate, tidal volume index, and minute ventilation index. In the DSAP group, however, oxygen saturation was less compared with IgG control animals at each intensity of hypoxia. Despite lower oxygen saturation and presumably partial pressures of oxygen in DSAP-treated animals, tidal volume and minute ventilation during exposure to 12% O 2 were similar to IgG-injected rats. Furthermore, ventilatory responses during higher intensities of hypoxia were blunted in DSAP rats.
In both the IgG-and DSAP-treated groups, systemic hypoxia evoked a decrease in arterial blood pressure, although MAP in DSAP-treated animals was higher during all intensities of hypoxia (Fig. 2F) . In IgG control animals, HR increased during hypoxia, reaching statistical significance at 8% O 2 . In contrast, HR remained unaltered in rats treated with DSAP (Fig. 2G) .
Because oxygen saturation during hypoxia was different between groups, we also evaluated the respiratory response relative to measured oxygen saturation (Fig. 3) . In both groups, a decline in oxygen saturation was associated with a progressive increase in respiratory rate, tidal volume, and minute ventilation. However, the slope of these relationships was significantly reduced in DSAP-treated rats compared with controls (Table 2) , indicating an attenuated response to a given arterial oxygen saturation. Overall, these results indicate that bilateral lesion of PVN-projecting catecholaminergic neurons markedly attenuated cardiorespiratory responses to hypoxia.
A common feature of chemoreflex responses is the occurrence of augmented breaths taken during hypoxia. Figure 4A contains raw flow traces obtained from individual rats injected with IgG (Fig. 4A, top) or DSAP (Fig. 4A, bottom) during an 8% O 2 challenge and indicates that augmented breaths were more prevalent in the IgG-treated compared with the DSAPtreated rat. The mean frequency of augmented breaths is displayed in Fig. 4B . Augmented breaths were rarely observed during normoxia in our 20-min experimental period, and data were not analyzed. Both IgG-and DSAP-treated groups displayed augmented breaths in response to 12% O 2 . In IgGinjected animals, the frequency increased progressively at 10 and 8% O 2 . However, in DSAP-injected animals, frequency was not significantly increased further until exposure to 8% O 2 . Furthermore, augmented breath frequency was significantly less in DSAP compared with control IgG-treated animals while breathing 10 and 8% O 2 . There was no significant effect of hypoxia intensity on the amplitude of augmented breaths (Fig.  4C) , although it should be noted that variability was high and the power for detecting hypoxia-related differences was low. Nevertheless, amplitude of augmented breaths was significantly less in DSAP-treated animals. These results indicate that augmented breaths during hypoxia are dependent in part on catecholaminergic input to the PVN.
PVN-Projecting Catecholamine Neurons Contribute to Cardiorespiratory Responses to Hypercapnia
To evaluate the importance of PVN-projecting neurons in central (CO 2 ) chemoreceptor function, we first used 100% O 2 to minimize peripheral chemoreceptor input, followed by exposure to 5% CO 2 -95% O 2 to activate predominantly central chemoreceptors (16, 29) . Figure 5A shows respiratory flow traces during hyperoxia (100% O 2 ; Fig. 5A, left) , followed by hypercapnia (5% CO 2 -95% O 2 ; Fig. 5A , right) in individual rats with control (IgG) or DSAP injections in the PVN. Mean data (Fig. 5, B-D) show that ventilation during inhalation of 100% O 2 was similar in IgG-and DSAP-treated rats. Hypercapnia increased respiratory rate, tidal volume, and minute ventilation relative to breathing 100% O 2 in both groups. However, DSAP-injected animals were significantly less responsive to hypercapnia compared with control animals with respect to all ventilatory parameters.
DISCUSSION
This study provides new findings regarding cardiorespiratory control by PVN-projecting catecholaminergic neurons. Depletion of neurons in primary catecholaminergic brainstem regions depressed respiratory rate slightly and increased arterial pressure during normoxia, suggesting that catecholaminergic inputs to PVN may contribute to baseline ventilation and cardiovascular control. Importantly, lesioning these projections reduced ventilatory responses to hypoxia and diminished the ability to maintain O 2 saturation. Responses to central chemoreflex activation by hypercapnia were also impaired. These findings indicate that PVN-projecting catecholaminergic neurons are integral to cardiorespiratory adjustments to both peripheral and central chemoreflex challenges and may play a role in baseline cardiorespiratory control.
PVN injections of DSAP were used to selectively lesion catecholamine cells projecting to PVN. Similar to previous studies (4, 49) , catecholamine terminals in PVN were decreased and cell numbers were significantly reduced in nTS and VLM, regions that provide the majority of catecholamin- All values are means Ϯ SE. DSAP, anti-dopamine ␤-hydroxylase saporin; PVN, paraventricular nucleus. Preinjection values were not significantly different between groups (n ϭ 6 each). After DSAP injection, baseline respiratory rate was decreased and mean arterial pressure increased. *P Յ 0.05 vs. IgG; †P Յ 0.05 vs. preinjection within a group. Mean arterial pressure and heart rate were measured using telemetric devices implanted at the time of injection. Therefore, no preinjection measurements were made. ergic inputs to PVN (9, 44, 52) . In studies using PVN injections of DSAP (4, 12-14, 49, 50) , the extent of catecholamine depletion in specific brain regions has been variable (ϳ20 -80%). Depletion in the current experiments was within this range and consistent with our previous work (24, 26) examining nTS and VLM catecholaminergic neurons projecting to PVN. The percentage of catecholaminergic neurons lesioned and depletion of PVN terminals in the present study suggest that we were able to selectively lesion catecholaminergic neurons with PVN connections, and plethysmography data showing effect of graded hypoxia on oxygen saturation (B), respiratory rate (C), tidal volume index (D), minute ventilation index (E), mean arterial pressure (F), and heart rate (G) in IgG (OE) vs. DSAP-treated animals () animals. Two-way repeated-measures ANOVA indicated significant interactions of hypoxia intensity and group in all respiratory variables and heart rate and a main effect of hypoxia for mean arterial pressure. DSAP injections significantly decreased respiratory rate during normoxia and blunted ventilatory responses to increasing intensities of hypoxia despite greater decreases in oxygen saturation. indicate that these neurons are integral to cardiorespiratory regulation. Studies in mutant mice with impaired development of catecholaminergic neurons (59) and in rats with widespread loss of catecholaminergic cells due to DSAP administration into the fourth cerebral ventricle (33) indicate that these neurons provide a tonic stimulus to intrinsic breathing frequency. Current experiments confirm and extend these findings, indicating that in conscious rats, catecholaminergic projections specifically to PVN play a significant role in baseline respiratory rate. Our data contrast with a recent study (2) suggesting that reducing overall nTS catecholamine synthesis using shRNA had no effect on basal respiratory frequency. Several possibilities may account for this discrepancy. Different from the current study, in the previous work (2) catecholamine synthesis would be reduced in both PVN-projecting and nonprojecting nTS neurons, so off-setting effects could occur. Also, in the previous study catecholamine synthesis was inhibited, but the neurons remained viable, and since catecholaminergic neurons utilize cotransmitters such as glutamate (18) , a cotransmitter could be responsible for maintaining basal respiration. Finally, in the current study, PVN-projecting catecholamine neurons at sites distinct from nTS (e.g., VLM and possibly other regions, such as the locus coeruleus) were also lesioned, and these may contribute to basal effects on breathing frequency. Future experiments are required to confirm the role of specific PVNprojecting catecholaminergic nuclei. In contrast to frequency, lesion of PVN-projecting catecholaminergic neurons had no effect on resting tidal volume, suggesting that the neurocircuitry controlling basal tidal volume (including pontine regions and lung afferents) has distinct inputs and neurocircuitry that may not require catecholaminergic projections to PVN.
Different from ventilatory effects, lesions of PVN-projecting catecholaminergic neurons increased resting MAP. Several mechanisms may be responsible. Catecholaminergic cells could contribute to tonic inhibition of PVN neurons with excitatory projections to cardiorespiratory brain regions such as the RVLM or spinal cord. Decreasing the number of catecholaminergic cells in the VLM likely does not contribute, as RVLM C1 cell activation increases pressure (18) , and other populations of A1 and C1 cells influence primarily neuroendocrine responses (18, 55) . However, loss of PVN-projecting noradrenergic neurons in nTS (A2 neurons) could be responsible for elevated arterial pressure. Although inhibiting nTS catecholamine synthesis does not alter resting pressure (2), overall selective depletion of nTS catecholamine cells leads to hypertension for several days, followed by marked chronic lability of arterial pressure (56) . Furthermore, A2 lesions attenuate reflex bradycardic responses to pressor stimuli (58) , indicating the importance of A2 neurons in arterial baroreflex function. Taken together, previous and current data indicate that catecholaminergic inputs to the PVN contribute to baseline breathing and blood pressure. Additional studies are required to determine specific mechanisms contributing to blood pressure effects and whether separate populations of PVN-projecting catecholaminergic neurons affect basal ventilatory and cardiovascular function.
We have shown that hypoxia produces significant activation of PVN-projecting catecholaminergic neurons in both nTS and VLM, particularly at greater hypoxia intensities (24, 26) . However, the function of these projections was not determined. A major finding of the present study is that lesioning PVNprojecting catecholaminergic neurons impaired respiratory responses to peripheral chemoreflex activation. Importantly, blunted ventilation was associated with reduced oxygen saturation suggesting an impaired ability to compensate for hypoxic challenges. Furthermore, at a given oxygen saturation, ventilatory responses were markedly attenuated in DSAP compared with control rats. Together, these data demonstrate a crucial role for catecholaminergic inputs to PVN in ventilatory responses to hypoxia. It is possible that these catecholaminer- (Table 2 ) was significantly less in DSAP-injected animals compared with control. *P Յ 0.05 vs. IgG. Fig. 3 . The slope of each correlation was significantly less in DSAP-injected animals compared with controls. *P Ͻ 0.05 vs. IgG. gic neurons also could send collateral projections to brain regions other than PVN. A portion of C1 neurons is highly collateralized (18) , although most nTS neurons, including catecholaminergic neurons, project primarily to only one region (21) . Given the importance of the PVN in chemoreflex function (42, 47) , it is likely that catecholaminergic projections to the PVN provide a specific pathway by which chemoreflex information is integrated.
The current study did not determine specifically which catecholaminergic PVN inputs are necessary for hypoxic ventilatory responses. Although most CNS catecholaminergic cell groups are linked to cardiorespiratory regulation (5, 18) , the majority of catecholamine inputs to PVN arise from VLM and nTS (9, 44, 52) . Catecholaminergic VLM neurons project heavily to and influence magnocellular vasopressinergic and oxytocinergic neurons and parvocellular CRH neurons in the PVN (10, 52, 55) , suggesting a role in neuroendocrine function. In contrast, both nTS and VLM project to parvocellular regions that then project to cardiorespiratory nuclei (53, 57) and thus may influence cardiorespiratory responses to hypoxia or hypercapnia. The nTS receives and integrates a variety of visceral inputs, including from chemoafferents, and has reciprocal projections to cardiorespiratory brain regions in addition to PVN (1, 40) . VLM C1 neurons also have multiple projections to cardiorespiratory regions and influence breathing (5, 6, 18) . Thus, catecholaminergic inputs from VLM likely contribute to neuroendocrine responses to hypoxia, whereas both nTS and VLM may play a role in chemoreflex-mediated increases in ventilation. Also unknown is the primary transmitter used within the PVN by these neurons. Whereas activation of adrenergic receptors influences both neuroendocrine and presympathetic PVN neurons (8, 32, 34) , catecholaminergic neurons utilize a variety of cotransmitters, including glutamate and other peptides (18) . Thus, the effects of PVN-projecting catecholaminergic neurons to influence cardiorespiratory reflexes may be mediated via catecholamines themselves or cotransmitters or by an interaction among them.
Although other studies have implicated PVN-projecting neurons in hypoxia-induced responses, none have definitively shown whether catecholaminergic input is important for ventilatory responses to chemoreflex stimulation. For example, unilateral ibotenic acid lesions, including the caudal two-thirds of the VLM catecholamine cell group, significantly reduced activation of PVN vasopressin, CRH, and oxytocin cell types following hypoxia (55) . However, these lesions were not specific to catecholamine neurons, and ventilatory responses were not examined. Knockdown of overall catecholamine synthesis in nTS did not alter basal respiratory frequency but reduced ventilatory and cardiovascular responses to chronic intermittent hypoxia (2); neither direct PVN projections nor acute hypoxic responses were evaluated. Also, although blockade of adrenergic receptors in the PVN blunts cardiovascular responses and vasopressin release in response to carotid chemoreceptor stimulation in spinally transected rats (32) , and adrenergic activation increases the excitability of spinally projecting PVN neurons (8, 34) , neither the source of adrenergic input nor the ventilatory responses were addressed. The present work shows for the first time that catecholaminergic inputs to PVN contribute to respiratory responses to chemoreflex activation. Augmented breaths increase in frequency during hypoxia (6, 39) and are thought to limit atelectasis and the resulting hypoventilated regions of the lung (41) . Therefore, occasional augmented breaths are important for effective lung function. Interestingly, PVN activity changes dynamically during phasic respiratory events (31) and may contribute to the progression of augmented breaths. In the current study, lesions of PVNprojecting catecholaminergic neurons decreased frequency and amplitude of augmented breaths during progressive hypoxia, suggesting that catecholaminergic inputs and the PVN are necessary for these breaths. Thus, catecholaminergic projections to PVN may be important to prevent transient respiratory disturbances at the level of the lungs during hypoxia.
As described previously (24, 37) , acute hypoxia decreases MAP, which progresses with hypoxia intensity. Catecholamine neurons projecting to the PVN are activated by cardiovascular challenges, including hypovolemia and osmotic stimuli (12, 24, 26) . However, PVN involvement in cardiovascular adaptations specifically to hypoxia has not been evaluated thoroughly. In the present study, whereas baseline MAP was elevated following lesions of PVN-projecting catecholaminergic neurons, control and lesioned rats exhibited similar decreases in pressure to hypoxia, suggesting that the depressor response to hypoxia is independent of PVN-projecting catecholaminergic neurons. Interestingly, however, tachycardia during hypoxia was observed only in control animals, suggesting that adrenergic input to PVN contributes to certain cardiovascular responses to hypoxia. Overall, novel results from this study indicate that PVN-projecting catecholaminergic neurons may influence not only respiratory but also cardiovascular responses to hypoxia.
Regarding central chemoreflexes, a widely distributed loss of catecholaminergic neurons decreases breathing frequency and blunts responses to central chemoreceptor stimulation (33, 59) . Although global PVN inhibition using lidocaine does not alter cardiorespiratory responses to central chemoreflex activation with 10% CO 2 (47), PVN neurons (including vasopressin and oxytocin neurons projecting to RVLM and spinal cord) are activated by hypercapnia (11, 20, 23, 36) . Novel results from the current study indicate that lesions of PVN-projecting catecholaminergic neurons significantly attenuated breathing frequency, tidal volume, and minute ventilation during systemic hypercapnia (5% CO 2 ) in conscious rats. This was most likely due to activation of central chemoreceptors, as hypercapnia occurred in the face of hyperoxia, which minimizes peripheral chemoreflex inputs. Thus, data demonstrate that catecholaminergic neurons participate in ventilatory responses to central chemoreceptor stimulation and extend previous work to indicate that catecholaminergic projections to the PVN may be particularly important. Collectively, the present and previous findings suggest that the CO 2 chemosensory system is composed of an interconnected network that influences autonomic, endocrine, and behavioral responses. Our findings demonstrate for the first time that catecholaminergic input to the PVN is part of the neurocircuitry producing respiratory responses to hypercapnia.
Perspectives
These experiments demonstrate that catecholaminergic neurons that project to the PVN are essential for the full extent of ventilatory responses to hypercapnia and hypoxia. The importance of these neurons increases at more severe intensities of hypoxia; for example, lesion reduced peak minute ventilation by more than 50% during exposure to 8% O 2 . This effect is functionally significant in that blunted hypoxic ventilatory responses were associated with greater decreases in O 2 saturation.
Brainstem catecholaminergic neurons respond to a variety of cardiorespiratory stresses and are highly interconnected (18) . Catecholaminergic neurons in nTS, CVLM, RVLM, A5, and LC are activated by hypoxia, and widespread depletion of catecholaminergic neurons diminishes responses to hypercapnia. Thus, catecholaminergic neurons, independently or together, may form a network integrating respiratory, cardiovascular, and neuroendocrine responses to cardiorespiratory and other stressors (18) . The current work indicates that this network likely involves projections to the PVN from the nTS and VLM. Mechanisms within the PVN and efferent pathways from the PVN that mediate cardiorespiratory responses remain to be determined.
